Cholera toxin (choleragen) and melanocyte stimulating hormone alter within hours the morphology of melanoma cells in culture, and they slow the growth of serum-stimulated cells. After 7-10 days, cells exposed to choleragen or hormone show increased size and a fibroblastic growth pattern. Tyrosinase (EC 1.14.18.1; monophenol monooxygenase) activity increases after 3 days in the presence of 106 M hormone or 10-10 M choleragen. Binding studies with l2IIlabeled choleragen indicate that although a melanoma cell can bind a maximum of 106 molecules of cholera toxin, only about 4000 binding sites must be occupied to achieve maximum stimulation of tyrosinase activity. Melanocyte stimulating hormone and choleragen probably have different membrane-binding sites. After exposure to choleragen for 5 min, membrane adenylate cyclase (EC 4.6.1.1) activity increases dramatically upon further incubation of intact cells for several hours at 370 and falls slowly to basal values over a period of more than 10 days. Hormone stimulation of adenylate cyclase is rapidly reversed by washing the cells, but subsequent restimulation of cyclase by the hormone is impaired. These studies indicate that cAMP mediates the effects of melanocyte stimulating hormone on growth and morphology as well as on tyrosinase activity. Cholera toxin may permanently activate the available adenylate cyclase molecules, and the protracted decay of stimulation that follows may reflect the biological turnover of adenylate cyclase molecules in these cells.
Most regulatory functions ascribed to cAMP involve the control of specific metabolic activities by hormones in target cells (1) . Recent evidence indicates that cAMP and hormones regulating its levels may determine to a major extent the growth, size, and shape of cells and the degree of expression of specific differentiated functions in cultured cells. Dramatic morphologic alterations are seen in several cell types within hours of the addition of cAMP (2) , and growth is inhibited in the presence of exogenous cAMP, high levels of endogenous cAMP, or hormones that stimulate adenylate cyclase (EC 4.6.1.1) (3). Specific differentiated functions may be stimulated in reciprocal fashion (4) . Reciprocal relationships between cAMP and cGMP may control differentiated function and growth (5) .
Melanocyte stimulating hormone (MSH), in addition to stimulating (6) a cAMP-mediated, specific differentiated function (tyrosinase and its product, melanin pigment), can produce early and delayed (6) morphologic changes, inhibition of growth, and stimulation of adenylate cyclase in melanomas (7) and cultured melanoma cells. We report here that these events are duplicated by cholera toxin (choleragen), a protein that specifically stimulates adenylate cyclase (8) as a result of specific interactions with the membrane glycolipid, ganglioside GM, (9, 10) . The toxin stimulates adenylate cyclase in various tissues (8, 11) ; it induces steroidogenesis in an adrenal cell line (12) , inhibits cytolysis by sensitized lymphocytes (11) , inhibits histamine release from lymphocytes by antigen and IgE (11) , and inhibits DNA and RNA synthesis in human fibroblasts (13) in vitro. The toxin's ability to bind strongly to the plasma membrane of most cells, to stimulate adenylate cyclase activity at picomolar concentrations for prolonged periods, to mimic specific cAMP-mediated physiologic effects without need for hormones, and probably to complex directly with adenylate cyclase suggest the use of choleragen as a novel tool in the study of differentiation and of the regulation of adenylate cyclase. The present studies strengthen the view that cAMP can regulate genetic expression in eukaryotes. MATERIALS Fig. 6 ), and "2I-labeled choleragen was prepared as described (9) . Stimulation of Tyrosinase Activity. Tyrosinase activity, which closely parallels changes in pigmentation, increases slightly after 1-3 days and more markedly after [4] [5] [6] days to levels 5-to 10-fold initial levels with MSH concentrations up to 5 X 10-8 M (100 ng/ml), at which stimulation is maximal (Figs. 1 and 2). Tyrosinase activity falls when MSH is not added repeatedly, presumably because of degradation of the hormone, but with continued stimulation the activity continues to rise for at least 9 days (6). Choleragen produces up to 30-fold increases in enzyme activity at about 3 X 10-10 M (20 ng/ml). Since serum and gangliosides present in serum inhibit the binding of choleragen to cells (9) , greater stimulation is obtained if the toxin is added to the cells before serum.
RESULTS

Effects
The tyrosinase of crude melanoma-cell sonicates is enzymatically similar to purified melanoma tyrosinase (15) . With 0.12 mM L-dopa as cofactor, the Km for tyrosine is 0.2 mM and substrate inhibition is seen at 0.8-1.0 mM tyrosine. The apparent Km for tyrosine is the same in control, MSH-stimulated, and choleragen-stimulated cells, suggesting that stimulation involves synthesis or activation of new enzyme rather than a change in affinity for substrate.
Binding of lB2I-Labeled Choleragen to Melanoma Cells. Binding of cholera toxin to melanoma cells, like binding to fat cells and liver membranes (9) , is complete within 5 min and (Fig. 3a) and requires concentration of choleragen of 6 X 10-9 M or greater. The biological effects (morphologic change, tyrosinase stimulation, and adenylate cyclase stimulation) are complete at one-twentieth this concentration. MSH and choleragen do not compete for the same binding site, since 5 X 10-7 M MSH (added first) does not decrease the binding of 10-10 M 126IJ labeled choleragen. Half-maximal displacement of 125b-labeled toxin occurs with about 2 X 10-9 M native toxin (Fig. 3b) .
The very strong nature of toxin binding is shown by the fact that melanoma cells exposed to toxin (10 ng/ml) for 5 min and then washed twice show stimulation of tyrosinase activity equal to that of unwashed cells exposed to toxin every second day (Fig. 4) . In contrast, MSH . Serum was added after the addition and washing procedures. Fresh MSH and choleragen were added every second day for continuously exposed cultures, and medium was changed every second day. Control activity has been subtracted for each day of assay. Activity is 10o X pmol of 3H20 produced per min/cell. second day (and not washed) are stimulated as effectively as toxin-treated cells.
Stimulation of Adenylate Cyclase Activity. When cells exposed to choleragen are incubated for several hours, crude membrane preparations of these cells show increased adenylate cyclase activity (Fig. 5) . After a lag of 20-30 min, enzyme activity increases progressively during the first day and then falls slowly over a period of several days (Fig. 6) .
During the initial, accelerating period of toxin stimulation, MSH and fluoride become progressively less effective stimulators of adenylate cyclase activity in membranes of toxintreated cells (Fig. 5) . Toxin treatment for 5 hr or more results in the loss of sensitivity to MSH, and the ratio of MSH-stimulated to basal activity becomes 1. Stimulation by fluoride is also not observed in the toxin-treated membranes, and this compound, instead, inhibits enzyme activity; the ratio of fluoride-stimulated to basal activity becomes less than 1. Stimulation by toxin added in the presence of serum is less effective (compare Figs. 6 and 7); this may be attributable to the presence in serum of gangliosides (9) .
While adenylate cyclase activity falls very significantly after the first day (Fig. 6) , it is still about four times greater than the unstimulated values after 4 days. Attempts to restimulate the falling cyclase activities by further incubation of intact cells with toxin for 4 hr were unsuccessful as late as 7 days after initial toxin exposure (Fig. 7) . Thirteen only minimally elevated. Furthermore, direct addition of fresh MSH to such membranes results in impaired stimulation (Fig. 8) . Half-maximal stimulation by MSH is still seen at 2 Ag/ml, suggesting that the impaired MSH response is not the result of altered affinity for MSH. Thus, continuous exposure of cells to MSH is accompanied by a change ("resistance") in the responsiveness of the adenylate cyclase of these cells to MSH. These studies also show that MSH binding is rapid and reversible. Choleragen (10 ng/ml) added directly to membranes in the assay does not stimulate or affect MSH stimulation of cydlase activity, supporting the point that MSH and choleragen have different binding sites.
DISCUSSION
The demonstration that choleragen imitates precisely the effects of MSH on growth, morphology, and differentiated function in melanoma cells strongly suggests that all observed effects of MSH are basically mediated by cAMP. Tyrosinase activity returns to normal values in the absence of a continue ous stimulus of adenylate cyclase (Fig. 2) . The equal stimula- tion of tyrosinase seen after continuous exposure to MSH or a single exposure to toxin suggests that moderate adenylate cyclase stimulation present several days after toxin stimulation is sufficient for maximal tyrosinase stimulation.
Tvrosinase stimulation is complete when less than 1% of the available toxin-binding sites are occupied. On the basis of binding, melanoma cells appear to have a relatively large amount of GM, ganglioside in the membrane; this glycolipid is the presumed receptor for choleragen (9) . All these binding sites, however, cannot be strictly categorized as superfluous (or "in excess") for the biological effects of the toxin. The primary biological activity of the toxin (stimulation of adenylate cyclase)' may depend principally on the number of ganglioside and cyclase molecules in the membrane, while the more "distant" effects (e.g., tyrosinase stimulation) may in addition depend on the sensitivity of the intervening events to the protracted and continuously elevated levels of cAMP. Similar general considerations may apply to MSH, and may in part explain why the MSH concentrations required for tyrosinase stimulation (Fig. 1) are so much lower than those required for adenylate cyclase stimulation (Fig. 8) . As implied earlier, maximal stimulation of tyrosinase' may occur by the continuous stimulation of only a small proportion of the total adenylate cyclase molecules.
Cholera toxin becomes irreversibly incorporated into the cell membrane (9) , where it possibly binds to or otherwise perturbs all available adenylate cyclase molecules and thus effects a fixed stimulation of an enzymatic activity which is usually responsive to modification by hormones (ref. 9; and V. Bennett and P. Cuatrecasas, in preparation). Activation increases over a period of hours while hormonal and fluoride stimulation is-lost; fluoride becomes an inhibitor of adenylate cyclase. After 1 day, there is a progressive fall in basal activity over more than 10 days.
Possible explanations for the fall in adenylate cyclase activity after choleragen stimulation (Fig. 6) (Fig. 7) . The possibility that certain adjustments may occur upon protracted stimulation of the enzyme, and which are independent of the nature of the stimulus, is suggested by the altered response of the enzyme to MSH after incubation of the intact cells with MSH (Fig. 8) . Clearly, however, the cell is eventually able to recover from its encounter with choleragen; it may be possible, therefore, to determine the biological half-life of adenylate cyclase in this system. The role of cell division in the recovery process is probably minimal, since stimulated cells divide very infrequently and become markedly hypertrophied. (Fig. 8) may be pertinent to the desensitization of cAMP accumulation in cultured fibroblasts upon hormonal stimulation (19) , or to the relative refractoriness of hormonally stimulated fat cells (20) . It will be important to determine the mechanism of this altered sensitivity of adenylate cyclase.
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